the successful fabrication of a working 3D crystal operating at optical A. The minimum feature size of the 3D structure is 180 nanometers. The 3D crystal is free from defects over the entire 6-inch silicon wafer and has an absolute photonic band gap centered at h-1.6 pm. Our data provides the first conclusive evidence for the existence of a full 3D photonic band gap in optical A. This development will pave the way to tinier, cheaper, more effective waveguides, optical switches and lasers.
Page 2 dielectric structure with its dielectric constant spatially varied according to certain crystal symmetries. Much like electrons in a crystal [16] , photonic states inside a photonic crystal are classified into bands and gaps, frequency ranges over which optical waves are allowed or forbidden to propagate respectively. The bands and gaps provide a fundamentally new mechanism for steering and localizing light within a semiconductor chip that is different from that based on conventional optics [14, 151 . The gap size is determined by the dielectric contrast (or equivalently refractive index) of the two materials that constitute the 3D structure and by the filling fraction of the higher dielectric material [ 171. In our case, the index contrast was 3.6:l and filling fraction 28%.
Although the desired face-centered-cubic (f.c.c.) and diamond crystal structures were proposed a decade ago, attempts to realize it using the novel "three-drilling-holes" approach [18] has not been successful in producing a photonic stop band in optical A.
Recently, a new approach has emerged. By combining a silicon micromachining technique with a new "layer-stacking,' design [17, [19] [20] , a 3D infrared photonic crystal was fabricated that has a strong stop band at h=10-14 pm [9] . To further increase the operating frequency of a 3D crystal to a communication regime, its minimum feature size must be brought down to a length scale of 100-200 nanometers. To build such a 3D optical photonic crystal, nano-fabrication and precise stacking of nanometer size features are required.
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To build a 3D photonic crystal, a layer-by-layer stacking scheme was adopt to construct the diamond lattice structure, see Fig.l Portions of this document may be illegible n electronic image products. Images are produced from the best available original document.
the rods on alternate layers is rotated 90" between layers. Between every other layer, the rods are shifted relative to each other by an amount equal to half the pitch between the rods. For the special case of 4h/d=1.414, the lattice can be derived from a f.c.c. unit cell with a basis of two rods. The structure can also be derived by replacing the <110> chain of atoms in the diamond structure with the rods.
The 3D crystals were fabricated from a 6-inch silicon wafer using advanced silicon micro-electro-mechanical systems (MEMS) and integrated circuit (IC) processes. The minimum feature size was the 180-nm width of each of the silicon rods. This is considerably smaller than the minimum feature size of -0.5 pm achievable using our current stepper systems and was achieved using the fillet processing [22] . In a fillet process, the minimum feature size is determined by sidewall coverage of a deposited thin film. Film thickness can be very tightly controlled, and a feature size on the order of 0.18 pm is commonly produced. In the first step of the process, a thin film of polysilicon is deposited, photopatterned using the fillet process, and etched. The resulting polysilicon rods are represented by the color red in Fig.l(b) . The next step in the processing involves the use of chemical-mechanical-polishing (CMP) to planarize the patterned structure [23]. A layer of silicon dioxide (230,) shown by the color yellow in Fig. 1 (b) , was deposited in between the lines of polysilicon. The wafers are then polished and planarized using CMP. The planarization step is critical since it prevents the topography generated in the first level from being replicated in the subsequent level. At this point the entire process is repeated to form the subsequent layers of the structure. After completion of the desired number of layers, Si02 is removed by selective wet etching. A schematic of the final structure is shown in Fig. 1 (a) .
In Fig.2 , scanning electron micrograph (SEM) images of a fabricated five-level structure is shown. The structureY, Fig.2a , is periodically stacked like Lincolnlogs, having the top two layers forming right angle crosses. The underlying periodic crosses are also evident. The crystal symmetry axis, cool>, is along the layer stacking direction. The rods are aligned either along the <1 lo> or ( iio) axis. In Fig. 2(b) , a SEM cross-sectional view of the same 3D optical crystal is shown. The pitch between adjacent rods is targeted at d=0.65 pm, the rod width w=0.18 pm and the layer thickness 0.22 pm. There are slight variations in the pitch between alternated rod pairs. However, the sum of two adjacent pitches is 1.3 pm.
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To prove the existence of a photonic band gap in optical 1, both transmission and reflection spectra were taken using a Fourier-transform infrared measurement system.
Before measurement, the backside of the silicon substrate was polished to a smoothness of better than 0.2 pm to avoid significant light scattering. To find the absolute transmittance (T), a transmission spectrum takemfrom a 3D crystal sample was normalized to that from a bare silicon wafer. This is intended to take into account the slight absorption loss in silicon and reflection loss at silicordair interfaces. To find the absolute reflectance (R), a reflection spectrum taken from the same 3D crystal is normalized to that of a silver mirror.
Our reflectance set-up is capable of taking spectrum over an angular span of 8=15O-6Oo measured from the surface normal, i.e. <OOb direction, and has an accuracy of i-5 %.
The absolute transmittance of light propagating along the < O O b direction, that is, normal to the substrate, of a five-layer 3D crystal is shown in Fig. 3(a) . A strong transmittance dip is observed from h=1.35 to 2.15 pm, suggesting the existence of a photonic band gap in optical h. The 12% transmittance at h=1.55 pm is the strongest attenuation, -1OdB, ever achieved in any 3D photonic crystals in optical h. The gap is well defined and extends over a broad spectral range of Ah=0.8 pm. However, transmittance data alone is not sufficient to prove the existence of a photonic band gap since polysilicon absorption loss may also con-
, --tribute to a dip in transmittance. A.coc
Pase 5 necessary. A reflectance spectrum taken from the same sample at a slightly tilted angle, 0=15', is shown in Fig.3(b) . It is found that detailed line shape of the reflectance data mirrors very well the transmittance over the entire spectrum range. In particular, the reflectance maximum at h=1.5-1.6 pm coincides with the transmittance minimum. This clearly illustrates that, in the band gap regime, backward Bragg reflection dominates, and forward propagation of light is forbidden. More quantitatively, it is found that, at midgap of h=1.6 pm, T = ( It is this absolute gap in the optical h that holds promise for a whole new class of very exciting quantum optical devices, which include miniature waveguides, tera-Hertz optical switches, high-Q resonant cavities, and single-mode light-emitting-diodes. Furthemore, .
since this advance employs silicon technology, the infrastructure to drive this communications revolution is already in place and will help to mate photonics and electronics through the use of a common building block.
Figure Captions
Fig1 Schematic of the process flow used to construct a 3D photonic crystal. (a) Within each layer, silicon rods are photo-patterned and the spaces in between them filled with silicon dioxide. The process is then repeated until reaching the desire number of layers.
(b)As a final step of the process, Si02 is removed by selective wet etching. Fig3 (a) A transmission spectrum for the 3D optical photonic crystal as shown in Fig.2 .
The transmission dip, indicative of the existence of a photonic band gap, is well defined, centered at h -1.6pm and extends over a broad spectral range, Ah=800nm. (b) A reflectance spectrum taken from the same 3D crystal. The reflectance maximum coincides well with the transmittance minimum. Fig.4 The measured band edge energy of a 3D photonic crystal plotted as a function of 9.
The major symmetry points, e.g. r, X' and K, in the first Brillouin zone is also shown in the insert.
